Proliferating Cell Nuclear Antigen (PCNA) lies at the center of the faithful duplication of eukaryotic genomes. With its distinctive doughnut-shaped molecular structure, PCNA was originally studied for its role in stimulating DNA polymerases. However, we now know that PCNA does much more than promote processive DNA synthesis. Because of the complexity of the events involved, cellular DNA replication poses major threats to genomic integrity. Whatever predicament lies ahead for the replication fork, PCNA is there to orchestrate the events necessary to handle it. Through its many protein interactions and various post-translational modifications, PCNA has far-reaching impacts on a myriad of cellular functions.
also able to support PCNA interaction (Pedley et al., 2014) . In addition, a second PCNA interacting motif, termed APIM (AlkB homologue 2 PCNA-interacting motif) is widespread among DNA repair proteins and is defined as K/R-F/Y/W-L/I/V/AL/I/V/A-K/R (Gilljam et al., 2009) . The APIM interaction surface on PCNA partially overlaps with that used by the PIP-box.
The diversity of sequence variations of PCNA binding motifs (Table 1) allows for differential binding strengths. For example, the specialized PIP box Q-x-x-ψ-T-D-ϑ-ϑ provides a higher affinity for PCNA (Havens and Walter, 2009 ). This indicates that the PIPbox motifs lacking TD are suboptimal, since they provide lower binding affinity. The TDcontaining PIP-box of the CDK inhibitor p21 is one of the strongest PCNA-interacting peptide (Bruning and Shamoo, 2004) . This ability to finely tune the interaction affinity through residues other than those conserved in the consensus sequence provides the first level of regulation of the competition for PCNA binding. Indeed, modifying the PIP-box of crucial replication and repair proteins to increase the strength of PCNA interaction results in impaired replication and repair (Fridman et al., 2010) , indicating that competition through binding strength is a critical regulatory mechanism.
PCNA is an essential co-factor for DNA polymerases during replication (O'Donnell et al., 2013; Siddiqui et al., 2013) . PCNA tethers polymerases to DNA and dramatically increases their processivity (the average number of nucleotides added before dissociation from DNA). Similar to other DNA replication factors, PCNA is essential for viability in all organisms. PCNA also participates in non-replicative DNA synthesis events, such as those occurring during DNA repair. Repair DNA synthesis events are common to a variety of DNA repair processes including nucleotide excision repair, homologous recombination, and mismatch repair. But the functions of PCNA extend well beyond DNA synthesis. While devoid of enzymatic activity itself, PCNA exerts a strong influence on the metabolism of DNA and chromatin by recruiting various enzymes to DNA. PCNA not only participates in localizing these factors to their sites of action but, in many instances, it also directly activates their enzymatic activities.
The repertoire of PCNA functions is dramatically amplified by its post-translational modifications (Hoege et al., 2002; Moldovan et al., 2007) . Since PCNA lacks enzymatic activity and instead exerts its effects through protein-protein interactions, regulated addition and removal of these moieties to PCNA provides an ideal mechanism for controlling PCNA functions. These modifications generally do not affect PCNA structure. Instead, they provide an additional surface for interaction with specific binding factors -the second level of regulating PCNA-interactions (Mailand et al., 2013) . This is the case even for bulky modifications such as ubiquitination or the ubiquitin-like protein SUMO (Tsutakawa et al., 2015) . Structures of mono-ubiquitinated PCNA using X-ray crystallography, electron microscopy, and Small angle X-ray scattering (Lau et al., 2015; Tsutakawa et al., 2015; Zhang et al., 2012) revealed several different conformations including one with ubiquitin extending away from PCNA, as well as a "docked" conformation in which ubiquitin interacts extensively with the PCNA surface forming a contiguous binding interface. It is possible that these different conformations allow ubiquitinated PCNA the necessary plasticity to interact with different binding partners. In contrast, SUMO is simply tethered to PCNA without additional interactions, resulting in an extended, flexible tag, which acts as an independent interaction module (Armstrong et al., 2012; Tsutakawa et al., 2015) . As detailed below, PCNA post-translational modifications are generally associated with particular functional outcomes (Table 2) .
DNA replication
DNA replication is initiated at distinct replication origins, which are marked by binding of the pre-replicative protein complex in G1 phase of the cell cycle (O'Donnell et al., 2013; Siddiqui et al., 2013) . Origin firing during S-phase involves the assembly of two back-toback replication forks that proceed in opposing directions. Each replication fork is headed by the CMG helicase, which unwinds the DNA. This allows synthesis of the primer by the DNA Polymerase α complex, which contains one catalytic subunit responsible for synthesis of the initial ~10nt RNA primer, and a separate DNA polymerase subunit that extends the RNA primer with about ~20nt. PCNA is loaded at the primer-template junction by the multisubunit Replication Factor C (RFC) complex, which can open the PCNA ring and clamp it on the DNA. While the fork assembly takes place on a DNA region devoid of nucleosomes, PCNA loading seems to require a chromatin context marked by methylation of histone H3 at lysine K56, which is catalyzed by the methyltransferase G9a (Yu et al., 2012) . In vitro reconstitution of the replisome complex assembly showed that, in the presence of PCNA-RFC, the primase is switched with the high fidelity replicative DNA Polymerases ε (on the leading strand) and δ (on the lagging strand) (Georgescu et al., 2014; Georgescu et al., 2015) . On the leading strand, DNA synthesis catalyzed by Polε proceeds continuously. PCNA interaction with Polε is weak and PCNA may even dissociate and remain behind the fork, to mark the leading strand for post-replicative events such as mismatch repair.
Since DNA synthesis can only occur in the 5'-3' direction, replication on the lagging strand is discontinuous. On this strand, PCNA interacts with multiple PIP-box containing subunits of Polδ, as well as with the Polδ-associated protein PDIP46 (Wang et al., 2016) . Primers are being synthesized every 100-200nt to generate Okazaki fragments. The end of the previous Okazaki fragment functions as a molecular break that slows down Polδ tenfold. The polymerase partly displaces the primer end forming a flap structure that is cleaved off by FEN1, one nucleotide at a time (Stodola and Burgers, 2016) . Eventually, DNA ligase I seals the resulting nick. Both enzymes interact with PCNA, which activates their activities (Zheng and Shen, 2011) . Formation of a stable, active Okazaki fragment maturation complex in which different monomers of the PCNA trimer interact with Polδ, FEN1, and DNA ligase I respectively (a so-called "PCNA tool belt" - Figure 2 ) have been proposed many years ago, and recently demonstrated experimentally (Stodola and Burgers, 2016) . On the other hand, mutant PCNA trimers with a single binding site are perfectly capable of supporting Okazaki fragment maturation (Dovrat et al., 2014) arguing that tool belts may not be absolutely required. Interestingly, post-translational modifications of FEN1 seem to play an important role in regulating these interactions (Zheng and Shen, 2011) .
Because it is loaded on the primer template junction at each Okazaki fragment, PCNA accumulates on the lagging strand. Unloading of PCNA requires the activity of an RFC-like complex in which the catalytic subunit RFC1 is replaced by ATAD5 (Elg1 in yeast) (Kubota et al., 2013; Lee et al., 2013) . Underlining the importance of removing PCNA from DNA, loss of Elg1 unloading activity results in DNA repair defects and chromosome instability. Re-expression of Elg1 during G2 and M-phase, but not during S-phase, can restore genomic stability, indicating that PCNA retention on DNA beyond DNA replication and into G2/M is toxic (Johnson et al., 2016) . Interestingly, Elg1 is itself inhibited during G1 to allow PCNA loading on DNA at the G1/S transition .
PCNA as co-factor for regulated protein degradation during replication
One essential activity of PCNA is to promote degradation of a subset of its binding partners. A large number of substrates have been identified for this PCNA-targeted degradation. The CDK inhibitors p21 and Xic1 are degraded to allow normal cell cycle progression (Abbas et al., 2008; Kim et al., 2010) . Degradation of the accessory p12 subunit of Polδ alters its enzymatic activity . The thymine DNA glycosylase TDG is degraded to prevent unwanted DNA demethylation (Shibata et al., 2014; Slenn et al., 2014) . Degradation of the anti-recombinogenic FBH1 helicase regulates DNA repair (Bacquin et al., 2013) . The replication licensing factors CDC6 and CDT1 are degraded to prevent re-initiation of DNA replication (re-replication) (Arias and Walter, 2006; Clijsters and Wolthuis, 2014) . Degradation of the histone methyltransferase Set8 prevents untimely chromatin compaction (Centore et al., 2010; Oda et al., 2010) .
Degradation of these substrates occurs only when they are bound to PCNA on chromatin during S-phase or after DNA damage exposure, and requires ubiquitination of the substrate by the CRL4-CDT2 ubiquitin ligase. The PCNA interactors degraded through this mechanism possess a special type of PIP-box, termed PIP-degron: Q-x-x-ψ-T-D-ϑ-ϑ-x-xx-B, where B is a basic residue (K or R) (Havens and Walter, 2009 ). Importantly, this basic residue recruits the CRL4-CDT2 ubiquitin ligase, but only when the substrate is bound to chromatin-loaded DNA. The mechanistic basis for this is still unclear. Once ubiquitinated by CDT2, the substrates are removed from chromatin by the ubiquitin-targeted chaperone p97, a hexameric AAA-ATPase complex known to remodel ubiquitin complexes, and delivered to the proteasome for degradation (Raman et al., 2011) . In order to allow re-expression of the substrates in G2 phase, CDK1 phosphorylates CDT2 in late S-phase preventing its recruitment to chromatin-bound PCNA (Rizzardi et al., 2015) .
PCNA and chromatin assembly
Nascent DNA is rapidly coated with nucleosomes in a co-replicational process that requires binding of the histone chaperone CAF-1 to PCNA at replication forks (Zhang et al., 2000) . Interestingly, chromatin assembly can regulate the speed of replication fork progression: reducing histone pools results in decreased replication speed. Under these conditions, PCNA is retained on chromatin to allow CAF-1 recruitment once histones become available (Mejlvang et al., 2014) . Not only do nucleosomes need to be assembled on nascent DNA, but their histone marks also need to be preserved so that the parental epigenetic status is maintained in the daughter cells. Parental histones ahead of replication forks are relocated to nascent DNA behind the replication fork, providing a possible mechanism for transferring epigenetic modifications. However, there is evidence that most histones loaded on the nascent DNA lack modifications present on the nucleosomes ahead of the fork, such as H3K4me3 or H3K27me3 modifications. Instead, epigenetic inheritance relies on the presence of the enzymes responsible for such modifications (histone methylation, acetylation, ubiquitination) in close proximity to PCNA during replication (Petruk et al., 2013; Petruk et al., 2012) . It is likely that these enzymes interact with PCNA. Moreover, DNMT1, an enzyme responsible for DNA methylation at CpG islands, binds directly to PCNA (Mortusewicz et al., 2005) .
Regulation of cell proliferation and apoptosis
Because of its essential role in DNA replication, regulation of PCNA steady state levels represents an important mechanism to control proliferation in response to extracellular conditions. Growth factor signaling (EGF through EGFR kinase, and HGFL through c-Abl kinase) results in phosphorylation of PCNA at Tyr211, which increases its chromatin association and protects it from degradation (Wang et al., 2006; Zhao et al., 2014) . Several other signaling molecules have been shown to regulate proliferation through controlling PCNA levels, including ERK8 (Groehler and Lannigan, 2010 ) and 14-3-3ζ (Gao et al., 2015) . In addition, p21, one of the most potent negative regulators of proliferation, inhibits not only CDKs but also PCNA, through a tight PIP-box mediated association that outcompetes DNA polymerases and other interactors (Gulbis et al., 1996; Moldovan et al., 2007) .
PCNA is an important modulator of apoptosis, through interactions with both pro-apoptotic (ING1b) and anti-apoptotic (p53, Gadd45, MyD118, CR6) regulators (Moldovan et al., 2007) . More recently, an unexpected role of cytoplasmic PCNA in regulating apoptosis has emerged where PCNA binds to procaspases −3, −8, −9, and −10, blocking their activation and inhibiting apoptosis (Witko-Sarsat et al., 2010) . This anti-apoptotic activity is regulated by S-Nitrosylation of cytoplasmic PCNA, which blocks interaction with caspase-9, thus allowing activation of this caspase (Yin et al., 2015) . Interestingly, cytosolic PCNA also participates in the activation of the Akt pathway, possibly through its interactions with APIM motif-containing components of this pathway. Indeed, inhibition of these interactions reduces Akt activation and cell growth (Olaisen et al., 2015) .
Translesion Synthesis
One of the major activities of PCNA is to promote tolerance of DNA damage during DNA replication. DNA lesions block the progression of high fidelity replicative DNA polymerases δ and ε. To bypass them, cells employ specialized low fidelity polymerases (such as Polη, Polκ, and Rev1)-a process termed translesion synthesis (TLS) (Cipolla et al., 2016; Jansen et al., 2015) . TLS is a double-edged sword: while bypass of DNA lesions allows cells to continue their proliferation program without replication arrest, low-fidelity polymerases are mutagenic on both normal and damaged DNA templates, and thus must be kept in check. The regulation of TLS relies on post-translational modification of PCNA (Bienko et al., 2005; Guo et al., 2006; Hoege et al., 2002; Kannouche et al., 2004; Plosky et al., 2006; Watanabe et al., 2004) . Upon fork stalling at DNA lesions, PCNA mono-ubiquitination at Lys 164 by the ubiquitin ligase RAD18, recruits TLS polymerases to bypass the lesion (Figure 3 ). The molecular basis for this recruitment is the presence of separate PCNA- interacting motifs and ubiquitin-interacting domains in most TLS polymerases, providing higher binding affinity for the ubiquitinated form of PCNA. In contrast, replicative DNA polymerases only possess PCNA-binding motifs and lack ubiquitin-interacting domains. Indeed, it was recently shown that PCNA ubiquitination does not affect the assembly or processivity of the Polδ complex (Hedglin et al., 2016) .
Fine-tuning TLS
The various TLS polymerases differ in their abilities to bypass different lesions; some of them can even ensure accurate bypass of specific lesions, such as in the case of Polη-mediated bypass of UV-induced thymidine dimers. Mechanisms for specific recruitment of a polymerase to a lesion are not yet known. Recent models suggest that this may be a stochastic process: since PCNA is a trimer, tool-belts can be formed in which each monomer binds a different polymerase, albeit with low affinity. This ensures a high local concentration of various TLS polymerases that can individually sample the lesion and eventually engage it (Boehm et al., 2016b) . Such tool-belts have been observed even in the absence of ubiquitination. Indeed, under certain conditions polymerases can perform TLS in the absence of PCNA ubiquitination (Acharya et al., 2010; Despras et al., 2012; Hendel et al., 2011; Krijger et al., 2011; Wit et al., 2015) . However, PCNA ubiquitination not only increases efficiency, but also alters the mutation spectra of TLS (Hendel et al., 2011) . It is likely that the addition of ubiquitin provides an additional surface that the polymerases can attach to with varying affinities.
Turning off TLS is an important aspect of the pathway, since unrestrained use of low fidelity TLS polymerases would introduce mismatches throughout the genome. PCNA deubiquitination by USP1 was one of the first mechanisms described as a negative regulator of eukaroytic TLS (Huang et al., 2006) , and since then, several other mechanisms have been described. The protein SPARTAN binds ubiquitinated PCNA at stalled forks and is important for maintaining ubiquitin-PCNA levels through a yet unclear mechanism (Centore et al., 2012; Ghosal et al., 2012; Juhasz et al., 2012) . At the same time, SPARTAN plays a crucial role in switching off TLS, by recruiting the ubiquitin-selective chaperone p97 to remove Polη from DNA (Davis et al., 2012; Mosbech et al., 2012) . The small PCNA interacting protein PAF15 also participates in turning off TLS by tightly associating with PCNA following lesion bypass, out-competing TLS polymerases (De Biasio et al., 2015; Povlsen et al., 2012) .
TLS is also regulated by additional PCNA modification. After DNA damage, PCNA can be modified with the ubiquitin-like molecule ISG15 (ISGylation) through the recruitment of the ISG15 E3 ligase EFP to ubiquitinated PCNA. This modification then recruits the deubiquitinating enzyme USP10 to remove ubiquitin from PCNA and restore high fidelity DNA synthesis (Park et al., 2014) .
Additional layers of complexity have been added in recent years. The CRL4-CDT2 ubiquitin ligase can also ubiquitinate PCNA at K164 to promote TLS, but unlike RAD18, it seems to be associated with endogenous replication stress rather than DNA damage exposure (Terai et al., 2010) . PCNA ubiquitination can also be increased by a variety of factors, including: the repair proteins FANCD2 (Chen et al., 2016) and PTIP (Gohler et al., 2008) , the ADP-ribosyltransferase PARP10 (Nicolae et al., 2014) , the signaling molecules SIVA1 , and MAGE-A4 (Gao et al., 2016) , the ubiquitin ligases BRCA1 (Tian et al., 2013) and RNF8 (Zhang et al., 2008) , the checkpoint proteins CHK1 and claspin (Yang et al., 2008) , and others. While it is unclear how each of these factors fit in the bigger picture, they likely provide fine-tuning mechanisms ensuring that the proper balance of TLS is achieved, depending on cell type, growth conditions and proliferation signals, cell cycle stage, chromatin status, amount of damage etc.
Timing of PCNA ubiquitination and TLS
PCNA ubiquitination is normally detected during S-phase in both yeast and human cells (Hoege et al., 2002; Huang et al., 2006; Terai et al., 2010) . Mechanistic studies have shown that uncoupling between the helicase machinery and the stalled polymerase results in accumulation of single stranded DNA that recruits RAD18 to ubiquitinate PCNA (Chang and Cimprich, 2009; Davies et al., 2008) . Chromatin remodeling by the ZBTB1-KAP1 complex promotes RAD18 recruitment and PCNA ubiquitination, perhaps by increasing RAD18 accessibility to DNA (Kim et al., 2014) . Switching the replicative polymerase with a TLS polymerase seems to be a straightforward and time-saving mechanism for restarting a stalled replication fork and continuation of DNA replication. Thus, PCNA ubiquitination and TLS were thought to occur co-replicationally, taking place instantaneously following fork stalling -a process sometimes referred to as "on the fly" (Hedglin and Benkovic, 2015; Yang et al., 2013a) . While there is evidence for PCNA ubiquitination-mediated polymerase switching in vitro (Masuda et al., 2010) , the process can occur independent of PCNA ubiquitination in vivo. (Edmunds et al., 2008) . Consistent with this, genetic experiments in yeast showed that PCNA ubiquitination can also occur in G2 phase, without impacting damage tolerance (Daigaku et al., 2010; Karras and Jentsch, 2010) . These results instead point towards a post-replicational model for TLS, where the fork is re-established downstream of the lesion leaving behind a short unreplicated region with the lesion, to be repaired or bypassed at a later time in S-phase or even G2 (Figure 3 ). Mechanistic details of such a process are missing and many important questions remain unanswered: Is the integrity of the stalled fork maintained? Is PCNA ubiquitinated upon stalling or rather later, right before bypass? Why resort to TLS bypass when behind the fork, the lesion can be bypassed in an error-free manner for example through recombination? Nevertheless, such a post-replicative mechanism would provide the cell with additional flexibility to deal with a larger number of lesions, and would perhaps provide the opportunity to sample the local environment of each individual lesion before deciding on error-free versus error-prone bypass. The two possibilities may not be mutually exclusive (Waters et al., 2009 ). Interestingly, p53 was recently shown to bind PCNA at stalled forks and suppress the extension from these forks (Hampp et al., 2016) , perhaps providing a mechanism for marking those particular stalled forks which will be resolved post-replicationally.
Non-canonical roles of PCNA ubiquitination
PCNA ubiquitination can be detected outside of S-phase in human cells, under certain conditions. For example PCNA ubiquitination can be induced by UV in quiescent (G0-arrested) cells (Ogi et al., 2010; Yang et al., 2013b) . This event seems to promote recruitment of the TLS Polκ to UV lesions for repair synthesis (Ogi et al., 2010) . Oxidative damage also induces PCNA ubiquitination outside S-phase (Zlatanou et al., 2011) . While still dependent on RAD18, this ubiquitination event involves a non-canonical activity of the mismatch repair complex MSH2-MSH6, which is required to initiate removal of the damaged strand by the nuclease EXO1. In case DNA lesions are present on the remaining strand, which may frequently be the case, PCNA ubiquitination promotes a TLS-like lesion bypass event using low fidelity polymerases. Interestingly, even though this process still uses the canonical RAD18 ubiquitin ligase, an alternative de-ubiquitinting enzyme, namely USP7, is employed to remove ubiquitin from PCNA under these conditions (Kashiwaba et al., 2015) .
PCNA ubiquitination was recently shown to participate in activation of a novel replication stress checkpoint, which is mediated by ATM (unlike the classic replication stress checkpoint activated by ATR). Ubiquitinated PCNA recruits WRNIP protein, which in turn binds to the ATM activating cofactor ATMIN. This pathway is important for coordinating replication completion with cell cycle progression and, in its absence, cells enter mitosis with under-replicated DNA (Kanu et al., 2016) . Finally, recent genetic experiments in yeast suggest a role for PCNA ubiquitination and TLS in Okazaki fragment maturation, at least in the context of FEN1 inactivation (Becker et al., 2015) .
PCNA poly-ubiquitination
The PCNA ubiquitination events described above to regulate TLS are mono-ubiquitination events. However, PCNA can also be ubiquitinated by K63-linked multi-ubiquitin chains at Lys 164. This modification is significant in yeast, but present at much lower levels in human cells (Hoege et al., 2002) . PCNA poly-ubiquitination is believed to initiate an alternative, error-free lesion bypass mechanism involving the use of the newly replicated sister chromatid as template (known as Template Switching; TS). While many details of TS are still missing, recent electron microscopy studies identified structures resembling double Holliday junctions as critical intermediates of TS -suggesting a mechanism analogous to recombination (Giannattasio et al., 2014) . Since DNA replication is more faithful in early Sphase, it has been proposed that TS may be preferentially used over TLS early in replication (Branzei and Psakhye, 2016; Stamatoyannopoulos et al., 2009 ).
How PCNA poly-ubiquitination promotes template switching is not yet understood. The ZRANB3 translocase is recruited to poly-ubiquitinated PCNA and remodels the DNA structure at the stalled fork (Ciccia et al., 2012; Weston et al., 2012; Yuan et al., 2012) . Mgs1 (the yeast homolog of WRNIP1) also binds poly-ubiquitinated PCNA, and appears to interfere with Polδ functions (Saugar et al., 2012) . It is still unclear how these activities promote error-free lesion bypass. Further complicating the picture, the E3 ubiquitin ligases SHPRH and HLTF that are involved in PCNA poly-ubiquitination in human cells (Motegi et al., 2008 ) also participate in TLS (Lin et al., 2011) .
Homologous Recombination
Homologous Recombination (HR) repairs DNA double strand breaks. Following DNA end resection at the break, the resulting single stranded DNA overhang is coated by multiple molecules of the recombinase RAD51 (Prakash et al., 2015) . This nucleoprotein filament then invades the sister chromatid. When homology is found, the target strand is unwound and a displacement loop is formed. This structure is extended by DNA polymerases past the break site, after which the elongated strand is re-annealed to its original partner. The resulting gap is filled by regular repair DNA synthesis. Both replicative and TLS polymerases can perform DNA synthesis in the D-loop extension step. Processivity of Polδ and Polκ is enhanced by PCNA, while it has no effect on the extension by Polη. This suggests that PCNA can affect the outcome of HR by regulating the polymerase choice for D-loop extension (Sebesta et al., 2013) . PCNA also promotes HR at the end resection step. PCNA loads onto DNA strands at double strand breaks and serves as a processivity factor for EXO1 during its end resection activity (Chen et al., 2013) .
PCNA can also inhibit HR through its SUMO modification, which is a predominant modification in yeast. While it has been much harder to detect in human cells, it is clear that PCNA SUMOylation has a conserved role in inhibiting homologous recombination. (Gali et al., 2012; Hoege et al., 2002; Moldovan et al., 2012; Moldovan et al., 2007) . This activity may serve as a means to regulate how stalled replication forks restart. HR-based mechanisms can restart stalled replication forks, but this process has the potential to initiate chromosome rearrangements (Carr and Lambert, 2013) and likely requires prolonged replication arrest. In contrast, TLS, while locally mutagenic, would provide a faster and more straightforward way to restart the forks. Since both ubiquitination and SUMOylation occur at the same lysine residue, K164, they would be mutually exclusive on a PCNA monomer (though not necessarily on a trimeric molecule). In any case, the two modifications functionally cooperate to promote TLS over HR. Since PCNA SUMOylation is found constitutively during S-phase (and not only in response to DNA damage treatment as is the case for ubiquitination), SUMOylation-mediated HR suppression may also be involved in suppressing unwanted recombination events between newly synthesized sister chromatids during normal fork progression.
In yeast, PCNA SUMOylaton recruits the helicase Srs2, a recombination inhibitor, which contains separate modules for interacting with PCNA (PIP-box) and SUMO (SIM motif) (Armstrong et al., 2012; Hoege et al., 2002; Papouli et al., 2005; Pfander et al., 2005) . Srs2 inhibits recombination by removing RAD51 from single stranded DNA, thereby disassembling an essential recombination intermediate structure. In human cells, SUMOylated PCNA recruits the recombination inhibitor PARI, an Srs2 homolog that lacks helicase activity. Similar to Srs2, PARI binds to RAD51 and has an inhibitory effect toward RAD51 nucleofilaments (Moldovan et al., 2012) . PARI also inhibits HR at a later stage, during the DNA synthesis step (Burkovics et al., 2016) . Independent of its SUMOylation, PCNA also interacts with a number of other recombination inhibitors. This includes RTEL1, a telomeric recombination inhibitor that disrupts RAD51 post-invasion filaments (D-loops) (Vannier et al., 2013) , and FBH1, which promotes degradation of RAD51 (Chu et al., 2015) Other genome stability mechanisms
Nucleotide excision repair (NER)
Nucleotide excision repair removes helix-distorting DNA lesions and bulky adducts (Marteijn et al., 2014) . This is achieved through the concerted efforts of about 30 proteins that act sequentially to detect the lesion , open up the helix (TFIIH, XPB, and XPD), dually incise the damaged strand ~30nt apart (endonucleases ERCC1-XPF on the 5' side, and XPG on the 3' side), and remove the lesion-containing oligonucleotide. PCNA-dependent repair DNA synthesis fills the gap to complete the reaction. PCNA also interacts, through an APIM motif, with XPA, a scaffold protein involved in organizing events downstream of helix opening (Gilljam et al., 2012) . Moreover, PCNA interacts with XPG and targets it for CDT1-mediated degradation, to allow repair DNA synthesis which bulky XPG molecules may sterically hinder (Han et al., 2015) . Finally, PCNA activates the enzymatic activity of XPF (Hutton et al., 2010) .
Following completion of NER by DNA synthesis, PCNA is acetylated by CBP and p300 at lysine residues that lie in the DNA-interacting inner hole of PCNA. Acetylated PCNA is removed from chromatin and subjected to proteasomal degradation (Cazzalini et al., 2014) . This prevents retention of PCNA on chromatin after NER events, which may be damaging, as noted above.
Base excision repair (BER)
BER repairs small lesions and damaged bases (Krokan and Bjoras, 2013) . BER is initiated by the recognition and excision of damaged bases by damage-specific DNA glycosylases, followed by cleavage 5' of the abasic site by the AP-endonuclease 1 (APE1). PCNA interacts with, and stimulates the activities of several glycosylases (including UNG2, NTH1, and MPG) as well as APE1 (Moldovan et al., 2007) . Repair of the gap is achieved by two distinct mechanisms: Short-patch repair involves a one-nucleotide re-synthesis step by DNA polymerase β and nick sealing by XRCC1-DNA ligase III. On the other hand, long-patch repair proceeds by synthesis of a stretch of 2-20nt by Polδ in concert with PCNA and RFC, creating a flap structure that is engaged by the FEN-1-DNA ligase I-PCNA complex.
Mismatch repair (MMR)
MMR repairs replication-generated errors such as mismatches and insertion/deletions loops. Crucial for this process is the ability to discriminate between the template and the nascent strands, so that the nascent strand can be corrected (Ganai and Johansson, 2016) . The recognition of the nascent strand is based on the presence of nicks generated during replication, or during removal of erroneously incorporated ribonucleotides, which have not yet been sealed. Indeed, mismatch correction occurs faster on the lagging strand, where more nicks are present because of discontinuous DNA synthesis. Replication errors are recognized by MutSα (MSH2-MSH6; identifies base mismatches and small insertion/ deletion loops) and MutSβ (MSH2-MSH3; recognizes larger insertion/deletion loops) heterodimers. Once the mismatch is recognized, the MutS heterodimers form clamps that dissociate from DNA and slide away. Eventually, a complex with MutLα (MLH1-PMS2) and PCNA is formed. PCNA activates the endonuclease activity of MutLα on the nascent strand; the resulting nick is further processed by the EXO1 exonuclease, or through repeat nickase activity by MutLα (Ganai and Johansson, 2016; Goellner et al., 2014) . Repair DNA synthesis completes the process. PCNA also binds MutSα, which seems to promote PCNA retention on chromatin after replication to facilitate MMR (Kawasoe et al., 2016) . Intriguingly, PCNA phosphorylation at Y211 by EGFR was shown to inhibit binding of PCNA to MutS complexes, resulting in reduced MMR efficiency and increased mutagenesis (Ortega et al., 2015) . Since, as described above, this phosphorylation is a proliferation signal, these findings provide another example of proliferation taking place at the expense of genome fidelity.
The replication stress response
Prolonged replication fork stalling generates aberrant fork structures containing long stretches of single stranded DNA. Such structures activate a stress response, mediated by checkpoint kinases, which helps stabilize and restart the forks thus preventing generation of DNA damage and genomic instability (Zeman and Cimprich, 2014) . In addition to the ubiquitinated PCNA dependent ATM checkpoint described above, PCNA interacts with two ubiquitin ligases, TRAIP and HUWE1, and these interactions are required for efficient fork progression under replication stress conditions (Choe et al., 2016; Hoffmann et al., 2016) . In both cases, PCNA was shown to not be a substrate for these ligases. Instead, HUWE1 ubiquitinates the histone H2AX, a variant of H2A that is essential for DNA damage detection and signaling. Indeed, ubiquitination of H2AX by this novel PCNA-HUWE1 pathway promotes its phosphorylation by ATR. Phosphorylated H2AX, also known as γH2AX, in turn recruits repair proteins to deal with broken forks (Choe et al., 2016) . A relevant substrate for TRAIP has not been identified so far, although its inactivation also reduces γH2AX formation (Harley et al., 2016) . It was proposed that TRAIP may participate in removing PCNA from stalled forks under certain conditions . Indeed, It has been previously shown that upon treatment with replication inhibitors such as hydroxyurea, ATR-dependent fork remodeling results in active unloading of PCNA (Dungrawala et al., 2015; Yu et al., 2014) . The exact role of this unloading is unclear, but it may facilitate formation of novel DNA structures important for fork restart under these conditions. It is not known how common these events are under endogenous replication stress conditions.
PCNA and human disease
Reflecting its role in promoting genomic stability, several close companions of PCNA have been found to be associated with cancer predisposition syndromes, including ATAD5 for ovarian cancer (Kuchenbaecker et al., 2015) , and SPARTAN for hepatocellular carcinoma (Lessel et al., 2014) . High PARI expression in tumors is associated with increased sensitivity to genotoxic cancer therapy, presumably through its HR-inhibiting activity (Pitroda et al., 2014) . Mice expressing the K164R mutant as the only source of PCNA show altered somatic hypermutation at the IgG loci (Roa et al., 2008) , suggesting that human B-cell deficiency syndromes may also be caused by defective PCNA ubiquitination. However, until very recently, no PCNA mutation has been reported in human disease, reflecting perhaps the fact that most mutations are expected to destroy the complex fold of PCNA and thus result in inactivation of this essential protein.
A recent report presented the first human syndrome caused by PCNA mutation . The patients, from a single extended family, share a homozygous missense PCNA mutation, Ser228Ile. Ser228 lies close to the IDCL and the mutation results in a large conformational change that affects interactions with PIP-box proteins including Fen1, DNA ligase 1, and XPG (Duffy et al., 2016) . For reasons still not completely clear, the mutation affects DNA repair rather than DNA replication functions of PCNA (Green et al., 2014) . This helps explain why the patients with this mutation survive, but suffer from immunodeficiency, photosensitivity, and neurodegeneration symptoms (including: hearing loss, ataxia, cognitive decline, and other brain defects). Indeed, many DNA repair-related syndromes, such as ataxia telangiectasia (ATM mutations), exhibit clinical characteristics that include neurodegeneration (Rass et al., 2007) . More recently, homozygous missense mutations in the PCNA binding partners TRAIP and PARP10 have been associated with microcephaly (Harley et al., 2016; Shahrour et al., 2016) . Similar to the PCNA mutations, cells from these patients show a strong DNA repair defect but a relatively minor proliferation defect.
Targeting PCNA in cancer therapy
Because of its essential role in promoting proliferation, PCNA is an obvious target for cancer therapy (Wang, 2014) However, since PCNA is not an enzyme and instead acts through its protein interactions, it has been very difficult to design drugs that inhibit PCNA.
In recent years, a number of studies identified small molecules that block PCNA-Polδ interaction or PCNA trimer formation, with proliferation inhibitory effects in vitro (Punchihewa et al., 2012; Tan et al., 2012; Zhao et al., 2011) (Table 3) . A cell permeable peptide containing the APIM motif, which blocks binding of partners with the APIM motif, showed promising results in treating myeloma and bladder cancer, in mouse xenograft studies (Müller et al., 2013) . Similarly, a peptide spanning the IDCL, which presumably inhibits PCNA interaction with PIP-box containing partners, could inhibit cancer growth in neuroblastoma and breast cancer mouse xenograft models (Smith et al., 2015) . These studies suggest that PCNA targeting in cancer may not be far away (Wang, 2014) .
Final remarks
Studies over the past decade have unveiled many hidden aspects of PCNA. Identification of new binding partners and new functions including non-canonical roles outside the nucleus greatly expanded the range of PCNA activities. Moreover, it has become clear that within the same functional pathway, PCNA can play both activating and inhibitory roles, as detailed above for HR and MMR. The switch from activation to inhibition is achieved, at least in these two cases, through posttranslational modifications (SUMOylation and phosphorylation, respectively).
How the numerous PCNA interactions are regulated continues to puzzle. It is likely that dynamic exchanges of the functional complexes loaded on PCNA are required throughout replication. The composition of PCNA complexes will vary from fork to fork depending on chromatin structure, DNA sequence, and replication timing. For example, common fragile sites in the genome act as natural fork barriers and their replication, which generally takes place in late S-phase, requires TLS rather than replicative polymerases (Bergoglio et al., 2013) . Other polymerase switching events may be required during the replication of heavily chromatinized DNA sequences and of other regions replicating late in S-phase, when mutation rates are higher (Stamatoyannopoulos et al., 2009) . Moreover, replication of various types of chromatin may require a different set of chromatin factors bound to PCNA. What regulates the dynamics of PCNA complexes is not clear, but it is likely that posttranslational modifications play some role. Quantitative proteomic studies may be able to reveal the composition of the various PCNA networks during replication and repair. Next generation sequencing approaches may be used to investigate the impact of these complexes on replication fidelity. Finally, molecular mechanistic studies are needed to shed light on the more enigmatic PCNA -dependent processes including template switching, and strand discrimination during MMR. Without a doubt, secret facets of PCNA are waiting to be discovered. In the co-replication model, also termed "on-the-fly", the polymerase switch occurs instantaneously upon stalling, following PCNA ubiquitination. In the post-replicational model, the fork is reassembled downstream of the lesion leaving behind a gap which is filled later in S phase or G2 by TLS polymerases. Whether PCNA is left behind at the gap or is loaded de novo is not clear. PCNA inhibitors that are being tested for cancer therapy.
Inhibitor Properties Mechanism of action Effects
T2AA (Punchihewa et al 2012) T3 thyroid hormone derivative -Binds the PCNA cavity that interacts with PIP-box motifs; -Interferes with PCNA-PIP-box interactions; ; -Does not affect PCNA-DNA binding.
Inhibits PCNA interaction with p21 (in vitro) and Polδ (in cells). Treatment results in inhibition of cell growth and proliferation, increased replication stress, and reduced TLS. Combination with cisplatin increases cellular DNA damage and reduces cell growth in U2OS cells. (Tan et al 2012) Small molecule inhibitor -Stabilizes the PCNA trimer by binding Arg146 through an O-N hydrogen bond on one monomer of PCNA, and to Asp86 through an N-O hydrogen bond on its adjacent monomer.
PCNA-I1
Treatment reduces PCNA binding to chromatin, possibly through trimer stabilization. Inhibits growth in various human and mouse cancer cell lines with a potency ~9-fold higher than in untransformed cells. Leads to cell cycle arrest. (Müller et al 2013) APIM-containing peptide Interferes with PCNA-APIM motif interactions.
ATX-101
Induces apoptosis in multiple myeloma and primary cancer cells in a caspase-dependent manner. Potentiates the cytotoxicity of Melphalan in multiple myeloma cell lines and in a xenograft multiple myeloma mouse model. (Smith et al 2015) Cell permeable peptide Interferes with PCNA-PIP motif interactions.
R9-caPeptide
Preferentially targets PCNA-protein interactions in cancer cells over normal cells. Disrupts PCNA association to chromatin and Polδ, inhibiting DNA replication in vitro and cell growth. Enhances sensitivity to cisplatin in cancer cells. Inhibits tumor growth in mice. (Zhao et al 2011) Peptide covering the Y211 region of PCNA Inhibits PCNA phosphorylation at Y211.
Y211F Peptide
Induces S-phase arrest, inhibition of DNA synthesis, and enhanced cell death in human prostate cancer cell lines. Decreases tumor growth in PC3-derived xenograft tumors in nude mice
